In this present study, performance, combustion and emission characteristics of jamun methyl ester in a direct injection diesel engine was experimentally investigated. Fuels were tested in a single cylinder, direct injection (DI), and water cooled diesel engine. The performance parameters such as brake thermal efficiency (BTE), brake specific fuel consumption (BSFC) and exhaust gas temperature (EGT) were evaluated. The emission parameters such as carbon monoxide (CO), unburned hydrocarbons (HCs), oxides of nitrogen (NO x ) and smoke were evaluated. The combustion parameters such as cylinder pressure, heat release rate (HRR), peak pressure, rate of pressure rise, combustion duration and ignition delay were analysed. It is found that JA20 (20% JA + 80% diesel) blend showed better performance and reduced emission. However, the NO x emission for JA20 blend is higher than diesel fuel. The experiment shows that JA20 can be used as an alternate fuel for direct injection diesel engine without any modifications.
Introduction
The vegetable oil, animal fats, used frying oil, waste cooking oil and edible oils such as soybean, sunflower, canola, palm and non-edible oils such as jatropha curcas, pongamiapinnata, madhucaindica, ficuselastica, nicotinatabacum, calophylluinophyllumm can be used as an alternate fuel for diesel. They have further discussed the various types of transesterfication process to reduce the viscosity and improve other characteristic of the biodiesel (Sharma et al., 2008) . The various types of biodiesel and its transesterfication process were reported in this work. He also discussed the effects of blending a biodiesel with other fuels, with specific properties such as lubricity, cetane number, flash point, kinematic viscosity, oxidative stability and exhaust emission (Moser, 2009 ). The performance, emission and combustion of direct injection (DI) diesel engine using rapeseed oil and its blends of 5%, 20%, 70% and standard fuel were evaluated. He has reported that the biodiesel produces lower smoke emission and higher brake, specific fuel consumption compare to the diesel fuel (Buyukkaya, 2010) . The performance, emission and combustion characteristics of soya bean crude oil prepared by alkalin transesterification method were discussed. The CO and smoke were reduced considerably and the brake thermal efficiency (BTE) of biodiesel and its blend were obtained and compared with diesel fuel (Qi et al., 2010) . In this work reported the various types of biodiesel production and characterisation of oils and their esters. They have concluded that alkali catalyst process given high conversion levels oils to methyl esters . In this work reported that the effects of blends of biodiesel, ethanol, methanol and vegetable oil with diesel fuel were studied. The experiments were conducted on a naturally aspirated DI diesel engine. They have found that the biodiesel blends showed performance very close to diesel fuel. They have also found that the ethanol and methanol blends yielded lower brake power, higher SFC and lower CO emissions (Karabekts et al., 2011) . They have conducted an experiment on four cylinders four stroke DI and turbo charged diesel engine using biodiesel blends of waste oil and rapeseed oil and corn oil with normal diesel. It has been seen that the bio diesel types did not result in any significant differences take in peak cylinder pressure and brake specific fuel consumption (BSFC) (Tesfa et al., 2013) . The ignition delay for biodiesel was less when compared to the diesel and the heat release rate (HRR) was more during diffusion combustion biodiesel blend and their blends (Vijayaraj and Sathyagnanam, 2014) . The experiments were conducted on four cylinder four stroke diesel engine using bio diesel made from corn oil. The NO x emission was higher for biodiesel and its blends (Tesfa et al., 2014) . The experimental study on four stroke DI, Ricardo/cussons using various bio diesels such as cotton seed oil, soya bean oil, sunflower oil, rapeseed oil, palm oil, corn oil and olive kernel oil and their corresponding methyl ester at the blends ratio of 10/90 and 20/80 (Rakopoulos et al., 2006) . The effect of vegetable oils and their methyl esters (raw sun flower, raw cotton seed oil, raw soybean oil and their methyl esters, refined corn oil, distilled opium poppy oil and refined rapeseed) performance and emission of a four stroke, DI diesel engine. The particulate emissions for vegetable oils were higher than that of diesel fuel, but on other hand NO 2 emission were less (Altin et al., 2001) . They have conducted the experiments using Soybean oil, peanut oil, corn oil, sunflower oil, rapeseed oil, palm oil, palm kernel oil, and waste fried oil (vegetable oil basis). The diesel engine fuelled with vegetable oil methyl ester could potentially produce the same engine power as one fuelled with diesel fuel, but with a reduction in the exhaust gas temperature (EGT), smoke and total hydrocarbon (THC) emissions, with a slight increase in nitrogen oxides (NO x ) emissions (Lin et al., 2009 ). The bio diesel was production from mahua (MadhucaIndica) oil through esterification followed by transesterification. The results show that 4% H 2 SO 4 , 0.33% v/v alcohol/oil ratio, 1 hr reaction time and 65°C temperature are the optimum conditions for esterification. The kinetic viscosity and cetane value were higher for mahua oil and thus will be favourable for combustion (Padhi and Singh, 2010) . The experiments 7B.H.P. single cylinder four stroke and vertical, water cooled Kirloskar diesel engine at rated speed of 1,500 rpm. The increase in BTE and decrease in specific fuel consumption was observed in the case of esterified mahua oil (at 75% mahua oil blends) compared to that of diesel fuel (Nandi, 2013) . The effect of mahua oil methyl ester, ethyl and butyl esters of a four stroke, DI, constant speed, compression ignition diesel engine, on performance and emissions were analysed. The CO, HC and NO x is low for alkali esters were compared to neat diesel fuel. The ethyl ester showed lower NO x emission compared to other esters (Puhan et al., 2005b) . The mahua oil methyl ester was in a single cylinder, four stroke, DI, constant speed, compression ignition diesel engine on the performance and emissions. The emissions of CO, HC were too low for mahua oil methyl ester and oxides of nitrogen were slightly lower compared with diesel (Puhan et al., 2005a) . The experiments were conducted on a single cylinder, four stroke compression ignition engine using mahua oil methyl ester and diesel as fuel. The mahua oil was transesterified using methanol in the presence catalyst. The thermal efficiency is found to be at par with diesel and is a significant drop in specific emissions of such as hydrocarbon (HC), carbon monoxide and smoke emissions (Saravanan et al., 2010) . The mechanism of a dual process adopted for the production of biodiesel from karanja oil containing FFA up to 20%. The conventional alkali-catalysed route of biodiesel production does not work out effectively with high FFA feedstock such as karanja oil. However, the dual-step process of transesterification using acid-catalysed and followed by base-catalysed reaction proves effective in producing the appropriate quality of biodiesel as per the ASTM specification (Naik et al., 2008) . The production of biodiesel from karanja oil (pongamiapinnata), properties and effect of biodiesel on engine the performance and emissions were evaluates. They have conducted experiment in a single cylinder water cooled, naturally aspired, four-stroke DI diesel engine (Nabi et al., 2009) . The performance and emission of a diesel engine fueled with pongamiapinnata methyl ester (PPME) and its blends with the diesel fuel. The blends of PPME of to 40% (B40) could replace the diesel for diesel engine because of their low emissions and better performance (Sureshkumar et al., 2008) .
The present work is focused on the performance, combustion and emission characteristics by using different types of biodiesel-diesel blends and to find its suitability as fuel for diesel engine. The present work is divided into sections:
1 To prepare the methyl ester of jamun biodiesel from seeds through transesterification method and to determine the properties of diesel-biodiesel blends.
2 To investigate the performance, combustion and emission characteristics of jamun methyl ester (JAME)-diesel blends and also to compare these results with base diesel.
Materials and methods

Test fuels
The jamun tree is native to India and its bordering countries like Nepal, Pakistan, Bangladesh, Sri Lanka and even Indonesia. In 1911, this tree was introduced in Florida by the USDA. The tree grows equally well in both the tropical and the sub tropical regions. Though organised cultivation is not done much, a lot of trees are grown individually by people having land in their backyards. In the wild, however, it grows all over India. It is a large and hardy evergreen tree and lives for over a hundred years. It starts flowering in the month of March and continues till May. Thereafter, with the onset of monsoon in June, it starts bearing fruit. The flowers are white and have a sweet fragrance. The fruits do not ripen at the same time and are picked daily. Jambul fruits resemble grapes and are oblong or ovoid in shape. Only ripe fruits are picked as they do not ripen once they are picked. They have a single seed and a soft dark purple colored almost black skin and a lighter purple flesh.
Oil extraction techniques
There are three main methods that have been identified to extract oil. They are:
1 mechanical extraction 2 solvent extraction 3 enzymatic extraction.
For the above three methods, mechanical extraction and solvent extraction are commonly used for commercial oil extraction process. Before oil extraction process takes place, seed have to be dried. Seed can be dried either in the oven (105°C) or sun dried (about 3 weeks).
Techniques of biodiesel production
It is well-known fact that viscosity is the main barrier that prevents direct use of vegetable oil in conventional diesel engine. Therefore, there are many methods that can be recently used to produce biodiesel from non-edible oils. These methods are pyrolysis, micro emulsification, dilution and transesterification. This present work, the biodiesel can be produced from non-edible oils using transesterification process.
Transesterification
Simply, Transesterification is the reaction of a fat or vegetable oil with alcohol to form esters and glycerol. It is the process of using an alcohol (e.g., methanol or ethanol) in the presence of catalyst such as sodium hydroxide (NaOH) or potassium hydroxide (KOH), which chemically breaks the molecule of the raw oil into methyl or ethyl esters with glycerol as a by-product, which reduces the high viscosity of oils. A catalyst is used to improve the reaction rate and yield. This method also reduces the molecular weight of the oil to 1/3 of its original value, reduces the viscosity and increase the volatility and cetane number to levels comparable to diesel fuel. Conversion not greatly affects the gross heat of combustion.
Properties of JAME
JAME was testing according to international standard specification of biodiesel such as ASTM in Delta Metallurgical and Analytical Laboratory. These properties are kinematic viscosity, flash point and fire point, cetane number and heating value. The properties of JAME and diesel are shown in Table 1 . 
Economic analysis of biodiesel
Properties of biodiesel
Flash point
Flash point is the minimum temperature of a liquid at which sufficient vapour is produced to form a flammable mixture with air. It varies inversely with the fuels volatility property.
It is the lowest temperature in which fuel emits enough vapour to ignite. In general, biodiesel has a higher flash point than the conventional diesel fuel.
Kinematic viscosity
In general, viscosity is the resistance of liquid to flow. Kinematic viscosity is the most important property of biodiesel since it affects the operation of fuel injection equipment, particularly at low temperatures. High viscosity leads to the formation of soot and engine deposits due to in sufficient fuel atomisation. The viscosity of vegetable oil is reduced by using transesterification process.
Cetane number
The cetane number is a measure of the ignition quality of diesel fuel. It gives information about the ignition delay of a diesel fuel upon injection into the combustion chamber; higher cetane number leads to shorter ignition delay and poor cetane number leads to knocking which in turn increases exhaust gas emission due to incomplete combustion.
Density
Density is the ratio between the mass and volume of the liquid or a solid and can be expressed in terms of grams per litre (g/l). The density is important because it gives an indication of the delay between the injection and combustion of the fuel in a diesel engine and the specific energy.
Calorific value (heating value)
The heating value is the amount of heat released during the combustion of a specified amount of fuel. Calorific value is an important parameter on the selection of a fuel. The heating value of biodiesel is lower than that of conventional diesel fuel because of its higher oxygen content.
Experimental setup
The present work is carried out on a single cylinder, four stroke, water cooled, DI diesel engine using JAME as a fuel. An electric dynamometer is connected with this engine to determine the engine performance with constant engine speed. Exhaust gas analyser and smoke meter are used with this diesel engine to determine the emission characteristics. The schematic diagram of the experimental setup is shown in Figure 1 . The AVL DI gas analyser and AVL437 smoke meter were used to measure the exhaust emission and smoke. The exhaust gas samples were passed through probe of the exhaust gas analyser and to measure the levels of exhaust emissions such as carbon monoxide (CO), oxides of nitrogen (NO x ) and HC and then passed through the probe smoke meter to measure the smoke density. The AVL 615 indicator using necessary instruments and sensors was used to measure the pressure and crank angle of the combustion. 
Testing procedure
Engine was started and warmed up at low idle, long enough to establish the recommended oil pressure, and was checked for any fuel and lube oil leaks. A number of tests were carried out at constant speed of 1,800 rpm and variable loads. The load is varied from no load to full load condition. Experiments were conducted at different load levels. The engine was run for 10 minutes and data were collected during last 4 minutes. Various blends of different proportions such as 20%, 40%, 60%, 80% and neat biodiesel were used as engine fuel. The test was repeated three times and was averaged to ensure the reproducibility of data. The exhaust gas is sampled from exhaust pipe line and passed through an exhaust gas analyser for measurement of carbon monoxide, carbon dioxide, unburnt HC, oxides of nitrogen present in exhaust gases. A smoke meter is used for measurement of smoke capacity. The in-cylinder pressure was measured using AVL waster cooled piezoelectric transducer is amplifier into suitable voltage signal using amplifier. The transducer produces a charge output, which is a proportional to the in cylinder pressure data was collected over 100 consecutive cycles at each crank angle and then averaged. The experimental uncertainties are given in Table 3 . 6 Results and discussion
Effects of blending on engine performance and emissions
Engine performance with biodiesel or its blend with diesel fuel depends on the combustion of air-fuel ration injection pressure, air turbulence and actual start of combustion. However, the effect of using the biodiesel should be evaluated by determining brake power, brake specific consumption, BTE and engine exhaust emissions. In this present work, 20% of JAME blends (JA20) with conventional diesel fuel reduces the carbon deposition in combustion chamber. It is also reduced choking and increases the engine life. Carbon deposits on combustion chamber components was found to be approximately same as that found in engines operated 100% diesel fuel. The present study analysed the performance using the blends of diesel and JAME in a single cylinder diesel engine. A significant improvement in the engine performance parameter such as SFC and BTE was reported and reduction in exhaust emissions is also observed. Acceptable BTE of the engine was found within blends containing up to 20% value of JAME. From the properties and the engine test results, it has been concluded that 20% of JAME can be substituted for diesel without any major engine modification.
Performance characteristics
Brake specific fuel consumption
The variation of specific fuel consumption of various biodiesel blends and diesel with respect to different loads is shown in Figure 2 . It shows that the BSFC decrease with the increase in load and then increase again. It can be seen from the figure that the BSFC is higher for all JAME and its blends than conventional diesel. It is also known that BSFC is inversely proportional to BTE. Among different biodiesel blends, JA20 showed better BSFC than conventional diesel fuel. It is due to the combine effect of higher viscosity and lower heating value of the biodiesel than that of combustion diesel engine. It is also due to the oxygenated biodiesel having higher oxygen content, because of its property accelerated reaction which leads to complete combustion. 
Exhaust gas temperature
EGT is an indicator of the fuel heat tested at combustion period. EGT is affected by changes in ignition delay. Larger ignition delay results in a delayed combustion and higher EGT. However, the power cetane number of fuel. The EGT increases with increasing percentage of biodiesel blends. It is observed that EGT of JA20 is minimum compared with other biodiesel blends at all loads. Among various biodiesel blends JA20 showed better EGT than conventional diesel fuel. The EGT is increased with increasing proportion of biodiesel blends is due to higher oxygen content of biodiesel that improves the combustion. It is also due to higher viscosity and poor volatility which leads to late burning which intern increases the EGT.
Brake thermal efficiency
The BTE indicates fuel energy converted into mechanical energy with different outputs. The BTE of various biodiesel blends and diesel is shown in Figure 4 . As the load increases, the BTE for various biodiesel blends is also increased. It is observed that BTE of JAME and its blends are slightly lower than that of diesel fuel. Among different biodiesels blends, JA20 showed better BTE than conventional diesel fuel. Hence, the performance of the diesel engine fuelled with JAME is comparable to that of conventional diesel engine, in terms of BTE. The reason for decreases in BTE is due to shorter ignition delay which leads to earlier start of combustion than conventional diesel. This increases the heat loss due to poor spray characteristics, higher viscosity, higher density, higher volatility and lower heating value. 
Emission characteristics
Carbon monoxide emission (CO)
The variations of carbon monoxide emission of various biodiesel blends and diesel with respect to different loads are shown in Figure 5 . It shows that among all biodiesel blends; JA20 has lower CO emission than that of conventional diesel at all loads. This is due to biodiesel contain some additional oxygen which leads to complete combustion of the fuel and supplied additional oxygen to convert CO to CO 2 . The main reason for reduction in CO emission is complete combustion caused by the increasing oxygen content in the flame continuous from the biodiesel mixtures. This is also due to the presence of oxygen in jamun biodiesel and its higher combustion temperature. 
HC emission
The variation HC emission of various biodiesel blends and diesel is shown in Figure 6 . The HC emission increases with increase in load. Among various biodiesel blends, JAME20 has lower HC emission than that of conventional diesel at all loads. This is due to higher oxygen content in the biodiesel which improves the combustion. The main reason for reduction in HC emissions is supported air fuel mixing and excess oxygen in the biodiesel mixtures. 
Oxides of nitrogen emission (NO X )
The variation of oxides of Nitrogen for various blends with respect to diesel is shown in Figure 7 . The formation of NO X in the cylinder is affected by oxygen content, combustion flame temperature and reaction time. Simply, nitrogen is an inert gas, it can be remains inert up to 1,100°C and above this temperature it does not inert and undergoes chemical reaction at the end of combustion process, temperature of the gas inside the cylinder arises around 1,500°C and then oxidation of nitrogen takes place in the presence of oxygen inside the combustion chamber. At the end of expansion process, the concentration of the formed NO x remains unchanged in the exhaust gas. The NO x emission increases with increase in load. It is observed that NO X emission of diesel is minimum when compared with other biodiesels blends at all loads. Among biodiesel blends, A20 showed minimum NO x emissions than other biodiesel blends. It is observed that NO X emission of 6.6% higher than conventional diesel fuel under full load condition. This may be due to the presence of extra oxygen present in the biodiesel blends. This excess oxygen is responsible for higher NO x emission. Approximately 10% increase is obtained with 30% biodiesel blends. This is also due to higher viscosities of biodiesel blends which results in power amount of air entrainment and air fuel mixing rates. The reduction of NO x emission with biodiesel blends maybe possible with the proper adjustment of injection parameters and introduction to EGR. 
Smoke
The amount of smoke present in the exhaust gas indicates the measurement of particulate matter in the exhaust gas. The variation of smoke of various biodiesel blends and diesel with respect to different loads is shown in Figure 8 . The smoke increases with increase in load. It is found that smoke emission for biodiesel blends are lower than that of diesel. Among the various biodiesel blends, JAME20 showed much lower smoke emission. The smoke emission is mainly affected by the heterogeneous of diesel combustion and air-fuel rations. Smoke formation primarily occurs in at higher temperatures if the fuel is partially oxygenated, locally over rich ranges can be reduced which in turn reduces the smoke formation. 
Combustion characteristics
Effect of blends on cylinder pressure
The cylinder pressure is a description of the fuel ability to mix with the air completely and then burn. It depends upon the fuelled burned fraction during the premixed combustion phase. The premixed phase is controlled by the ignition delay, air-fuel mixture and spray envelops. Hence, the viscosity and velocity of the JAME-diesel blends plays important role to increase the atomisation rate and to improve the formation of air-fuel mixture. Generally, the cylinder peak pressure of biodiesel and its blends is lower than that of neat diesel fuel. The variation in cylinder pressure with crank angle of different JAME-diesel blends at full load condition is shown in Figure 9 . It is concluded from this discussion, blend A which gives maximum peak cylinder pressure when compared to other blends. This is due to the shorter ignition delay. At the time of ignition, less air fuel mixture is prepared for combustion; therefore more burning occurs in the diffuse burning phase rather than in the premixed phase. Hence it is concluded that lower peak pressure was observed for JAME-diesel blends.
Effect of blends on HRR
HRR is a quantitative description of burning timing of fuel. Because of the vaporisation of fuel during the ignition delay a negative HRR observe at the time of beginning and after the HRR it becomes positive HRR. During the ignition delay period, the fuel droplets spread around fresh air to form air-fuel mixture. Once the ignition delay period is over, HRR is over and then diffusion combustion phase takes place. The variation of HRR with crank angle with different JAME-diesel blends, blend at full load is shown in Figure 10 . The convention diesel fuel exhibits high HRR. This is due to the increased accumulation of fuel during the relatively larger delay period and leads to higher rate of heat release at the time of pre mixed combustion. It is the value of HRR decreases with the increase of JAME-diesel blends in the fuel. This is due to the lower ignition delay and loads to lower cylinder pressure. The maximum rate of pressure rise and peak pressure increases in the premixed combustion phase, when there is a higher HRR. 
Effect of blends on cumulative heat release rate
The variation of cumulative heat release rate (CHRR) with different JAME-diesel blends at full as shown in Figure 11 . This is due to the dual effect of the complete combustion because of presence of oxygen molecules in the JAME-diesel blends and the higher heating value of diesel as compared to JA100. Because of the vaporisation of the fuel accumulated during ignition delay, at the beginning the curve a negative cumulative heat release is observed after combustion is initiated, the heat release values become positive. 
Ignition delay
Ignition delay is defined as the time range between the start of injection and the start of combustion in which each fuel droplets gets ready for combustion being atomised, vaporised, mixed with air, auto ignition and burned. The variation of ignition delay with increased brake power by varying the full load conditions is given Figure 12 . From the graph, it is observed that the ignition delay decreases with the load increases. This is due to higher combustion temperature of combustion chamber wall. The highest combustion temperatures reduce the viscosity of JAME by breaking down the intermolecular bonds and increase the possibility of ignition leads to reduction in ignition delay. The ignition delay also decreases with the increase of proportions of JAME-diesel blends. The heat absorption during the fuel evaporation may contribute to the increase in ignition delay. But, the oxygen content in the JAME-diesel blends improves ignition and leads to the reduction of ignition delay. This may be due to heavier compounds of fatty acids and oxygen content of JAME. 
Effect of blends on combustion duration
The combustion duration was evaluated based on the time duration between the start of combustion and 90% CHRR. The variation of combustion duration with brake power for different JAME-diesel blends and diesel is shown in Figure 13 . The combustion duration increases with the increase in brake power was observed. This is due to the increasing the amount of fuel injected at higher loads. From Figure 13 , it is observed that the combustion duration is lower for JAME-diesel blends when compared to that of neat diesel fuel. This is due to the higher oxygen content in the biodiesel blends which improves the combustion process and completes faster rate. 
Effect of blends on maximum rate of pressure rise
In diesel engine, during the initial stage the peak pressure depends upon the combustion rate which is influenced by the amount of fuel taking part in the premixed combustion phase. The variation of maximum rate of pressure rise with brake power for different JAME-diesel blends and diesel is shown in Figure 14 . It can be revealed that the maximum rate of pressure rise for JAME-diesel blend is lower when compared to that of neat diesel fuel which is due to the higher viscosity and lower velocity of JAME biodiesel. This is due to the reduction of ignition delay with the increasing percentage of JAME-diesel blends. The quantity of fuel accumulated during the ignition delay is inversely proportional to the amount of biodiesel present in the fuel. In the case of JAME-diesel blends, the pre combustion phase is less intensive compared to neat biodiesel which leads to lower pressure rise and lesser fuel is accumulated during the delay period. The quantity of accumulated fuel is inversely proportional to the amount of biodiesel present in the JAME-diesel blends. Further, higher HRR during premixed combustion phase is also reason for the increase in rate of pressure rise. 
Effect of blends on peak pressure
The variation of peak pressure with brake power for different JAME-diesel blends and diesel is shown in Figure 15 . The peak pressure increases with increase in brake power for all blends. This is may be due to the higher cetane value, shorter ignition delay and large amount of fuel burning at higher loads. The peak pressure of dual biodiesel blend is poor when compared with neat biodiesel. Ignition delay and large amount of fuel gets accumulated in the combustion chamber leads to higher HRR in the premixed combustion. From the detailed experimental study, it is concluded that 20% JAME blended with 80% of diesel can be used as alternative fuel effectively in diesel engine without any modifications on the basis of performance, combustion efficiency and environmental emissions. Hence, jamun biodiesel could be a potential substitute for conventional diesel. 
